Abstract: There has been tremendous progress in the past decades in the utilization of lasers for treating patients with glaucoma. This article reviews the use of lasers in different areas of glaucoma, including the shift from argon laser trabeculoplasty (ALT) to selective laser trabeculoplasty (SLT), laser trabeculoplasty as an initial treatment for glaucoma, new laser trabeculoplasty procedures under investigation, and other recent laser treatment modalities such as endoscopic cyclophotocoagulation and laser-assisted deep sclerectomy.
INTRODUCTION
Glaucoma is one of the leading causes of irreversible vision loss worldwide, and the use of lasers in the treatment paradigm of this blinding disease is constantly increasing. Lasers can be employed in several ways to treat glaucoma: targeting the trabecular meshwork, thereby reducing intraocular pressure (IOP); performing laser peripheral iridotomy (LPI) and preventing pupillary block; ablating the ciliary processes and reducing production of aqueous humor; and facilitating surgical procedures such as trabeculectomy.
This articles reviews the current techniques and developments of laser therapy in the management of glaucoma.
LASER TRABECULOPLASTY Argon Laser Trabeculoplasty (ALT)
ALT was firstly described by Wise and Witter in 1979 . They speculated that the argon laser causes a thermal effect on the trabecular meshwork, resulting in stretching and widening of areas adjacent to the laser applications. This allows for an increase of outflow from the trabecular meshwork into Schlemm's canal, resulting in a reduction of IOP [1] . Further studies have suggested different mechan-isms of action for ALT, including increased phagocytotic activity [2] and decreased resistance to outflow caused by increased DNA replication of cells and increased metallo-proteinase levels within trabecular meshwork [3, 4] .
ALT is mostly performed for patients with primary open-angle glaucoma (POAG), pseudoexfoliation glaucoma (PXF) and pigmentary glaucoma (PG) -either as an adjunct to medical therapy, or as a first-line treatment.
IOP is typically lowered by 20-30% in 75-85% of patients treated by ALT. The efficacy of this procedure, however, diminishes over time by 50% over 5 years and 32% over 10 years [5 -7] .
Repeat ALT success rates, after an initial successful ALT, are not promising. Repeat ALT success rates range from 21% to 70%, with additional decreased success over time [5] . Agarwal et al. reported that primary ALT controlled IOP in 65% of eyes after 5 years but only in 10% of eyes when ALT was applied secondarily [8] . (1) . Electron microscopy of trabecular meshwork treated by Argon Laser Trabeculoplasty (A) and Selective Laser Trabeculoplasty (B). As opposed to the crater created by the coagulative damage of the ALT, the SLT did not alter the architecture of the trabecular meshwork (modified from 13, with permission, photo by courtesy of Elsevier).
Melamed et al. reported a mean IOP reduction of 30% in SLT treated patients and only 7% of these patients required additional medications after 18 months [25] . Mcllraith et al. found that initial SLT and latanoprost yielded similar outcomes: IOP reduction of 31% in 1 year [26] . Similarly, Nagar et al. found that initial 360 degree SLT and latanoprost were equally effective. In this study, more than 80% of eyes treated with 360 degree SLT had an IOP reduction of 20% or more [27] . The SLT/Med study, a multicentered, prospective, randomized study, by Katz et al., recently reported IOP reduction of 26.4% in the SLT group and 27.8% in the medical treatment group. The need for additional treatment rate due to failure was higher in the medical arm of this study (24% vs 11%) [28] .
Given its efficacy, safety, repeatability and potential cost savings, it may be prudent to suggest SLT as an alternative to medications when discussing treatment options with a newly diagnosed glaucoma patient.
Micropulse Diode Laser Trabeculoplasty (MDLT)
MDLT was first described by Ingvoldstad et al. in 2005 [29] . This technology employs subvisible repetitive short diode (810-nm) laser pulses to the trabecular meshwork. Each pulse is spaced by a long relaxation time so that surrounding tissue reaches sublethal temperature and remains viable. Similar to SLT, MDLT does not cause coagulative damage to the trabecular meshwork and laser-related complications such as IOP spikes, pigment dispersion and serious inflammatory response are minimal [29 -31] .
In a pilot study, MDLT was found as effective as ALT after 3 months [29] . Another study reported a success rate of 75% using MDLT, with mean IOP reduction of 22.1% at the end of 1 year [32] . The percentage of eyes with an IOP drop ≥ 20% was recently shown to be significantly lower with MDLT compared with ALT [33] . MDLT was suggested as a safe treatment modality with minimal anterior segment inflammation [30] , however, further studies are needed to compare its efficacy with other laser treatment modalities, such as SLT.
Titanium Sapphire Laser Trabeculoplasty (TLT)
TLT uses near infrared energy (790-nm) in pulses that last 5-10 µs and have a spot size of 200 µm. Initial results indicate that TLT yielded similar IOP reduction, compared with ALT and SLT, but IOP rise after treatment was also reported [34, 35] . In a study comparing ALT with TLT, both groups of patients achieved similar decreases in IOP over 15 months. In each group 11% of patients had IOP spikes (defined as an increase of IOP of 6 mmHg or more) after treatment [35] . Although TLT seems like another promising laser treatment modality, long term outcomes and possible complications should be further investigated. 
Pattern Scan Laser (PASCAL)Trabeculoplasty (PLT)
The PASCAL Photocoagulator (OptiMedica Inc., Santa Clara, CA) was introduced in 2006 for semi-automated photocoagulation of the retina [36] . This computer-guided technology ( Fig. 2) uses short pulse durations (10 to 20 ms) and predetermined patterns of spots, which results in reduction of thermal diffusion and surrounding tissue damage. In a recent experimental study, PLT resulted in less thermal damage than ALT, but did not effectively prevent late scarring of the trabecular meshwork [37] . A pilot study found a 24% reduction in IOP, without IOP spikes or inflammation, over 6 months of follow-up [38] .
LASER PERIPHERAL IRIDOTOMY (LPI)
LPI has been widely used to treat angle-closure for over 20 years [39] . This procedure is used to prevent or treat pupillary block in conditions such as acute angle closure glaucoma (AACG), fellow eye of a patient with AACG, chronic angle closure glaucoma (CACG), primary angle closure suspect (PACS) and miscellaneous conditions such as pigmentary dispersion syndrome, phacomorphic glaucoma, aqueous misdirection, nanophthalmos, and plateau iris syndrome.
LPI can be performed using an argon laser or a neodymium:yttrium-aluminium-garnet (Nd:YAG) laser. LPI with Nd:YAG laser is typically preferred because it is simpler to apply with fewer applications and may be more tolerable for patients. It also uses less energy and has lower closure rates [40] . On the other hand, argon LPI is less likely to cause hyphema since it is thermal and therefore coagulative and may be preferred in patients who are using anticoagulant medications or have visible iris vessels that are more prone to bleeding [12] . A disadvantage of argon LPI is the use of high levels of cumulative energy to create the iridotomy, and thus causing more inflammation and corneal endothelium decompensation [41] . In patients with dark and thick irides, either the combination of argon and Nd:YAG laser or pretreatment with 532 nm continuous-wave Nd:YAG laser were found useful to decrease the amount of energy needed for LPI [42, 43] .
Disturbing visual symptoms such as diplopia, transient blurring, glare, shadows, lines and ghost images have been reported after LPI [44] . The frequency of visual side effects and the relationship with the location of the iridotomy was widely studied in the literature. Spaeth et al. reported that visual symptoms related to LPI occurred in 7% of the patients and were more likely to occur in patients who had partially or fully exposed laser iridotomies than in those whom the iridotomy was completely covered by the lid. Additionally, laser iridotomies appeared to be more likely to cause symptoms when they were partially exposed than when they were fully exposed [45] . Similarly, Murphy et al. suggested that when the iridotomy was fully covered or fully exposed, symptoms disappeared [46] . In a recent study, temporally placed LPI was less likely resulted in linear dysphotopsia as compared with superior placement [47] (Fig. 3) . Many physicians are now placing the LPI temporally in common practice.
Recently, cataract extraction has been suggested as an alternative therapy to LPI in patients with primary angle closure (PAC). Lam et al. reported better IOP control with early cataract surgery compared with LPI [48] . Husain et al. confirmed these findings with a prospective randomized trial with 2 year follow-up (cumulative survival 89.5% vs 61.1% for the cataract surgery vs LPI) [49] . The effectiveness of early lens extraction with intraocular lens implantation for the treatment of primary angle-closure glaucoma (EAGLE) Study Group compared lens extraction and LPI in newly diagnosed PAC or PACS [50] . The main outcomes of this study included IOP, quality of life and cost effectiveness. This study is still in progress and the results may lead to a shift in the current practice.
LASER IRIDOPLASTY (LI)
LI employs photocoagulative ablation to the peripheral iris. With the thermal energy applied, the stroma of the iris contracts and the angular recess widens (Fig. 4) . The indications for LI included plateau iris syndrome, angle closure in nanophthalmos, and preparation for laser trabeculoplasty when iridocorneal angle is narrow and difficult to visualize [51] . After instillation of a miotic, argon or diode laser spots are applied to the iris periphery to induce widening of the angle.
Several studies found LI to be as effective or even more effective than conventional systemic and topical medications in reducing IOP levels in AACG and phacomorphic angle-closure [52 -54] . Additionally, LI was highly effective in eliminating residual appositional closure, caused by plateau iris syndrome, after laser iridotomy. With a single laser application, 85-90% of angles remained open for up to 10 years of follow-up [55] . Complications of LI included mild iris inflammation, iridolenticular or angular synechiaes, iris atrophia, atonic pupils and rarely corneal endothelial burns [51] . Additionally, Urrets-Zavalia syndrome, which is characterized by prolonged mydriasis unresponsive to pilocarpine, is an uncommon complication of argon LI that typically resolves spontaneously within 1 year [56] .
ND:YAG LASER GONIOPUNCTURE
Laser goniopuncture is an adjunctive procedure for non-filtering glaucoma surgery such as viscocanalostomy, deep sclerectomy and canaloplasty. Laser goniopuncture employs tiny holes by using an Nd:YAG laser. It augments aqueous outflow through the trabeculo-Descement window when greater IOP lowering is required or when a bleb begins to fail, with no need of additional incisional surgery [57, 58] . In a study of 258 eyes undergoing deep sclerectomy or combined cataract and deep sclerectomy, a single goniopuncture procedure achieved a 20% IOP reduction, and was stable for at least 2 years in about 50% of cases [59] . Alp et al. reported the results of Nd:YAG laser goniopuncture after viscocanalostomy: mean IOP reduced from 26.0 +/-4.6 mmHg to 11.5 +/-4.0 mmHg immediately after the procedure [60] . Laser goniopuncture complications include hyphema, iritis, peripheral synechia, iris incarceration, hypotony and late bleb leak, however, complication rates are generally low. Goniopuncture can be easily performed in office settings and appears not to interfere with the high safety profiles of nonfiltering glaucoma surgeries [57] .
EXCIMER LASER TRABECULOTOMY (ELT)
The principle of ELT technology is to enhance the aqueous outflow by creating microperforations in the trabecular meshwork and the inner wall of the Schlemm's channel [58] . This device uses a xenon chloride excimer laser ab interno with a duration of 80 ns and a wavelenghth of 308-nm. ELT is regarded as a minimally invasive glaucoma surgery with minimal thermal effect on trabecular meshwork [61] . Babighian et al. observed a mean IOP reduction of 31%, and an IOP reduction of 20% or greater in 90% of cases with clinically insignificant complications [62] . In a more recent study, the same research group compared ELT with SLT (180 degree treatment). Complete success rate (when IOP was lowered by ≥20% with no additional glaucoma medical, laser, or surgical therapy) were 53.3% for the ELT group and 40% for the SLT group, whereas qualified success rates (when IOP was lowered by ≥20% with or without additional glaucoma medical, laser, or surgical therapy) were 33.3% for the ELT and 26.6% for the SLT group. Mean IOP decreased by 29.6% in the ELT group and by 21% in the SLT group [63] . Laser spots were applied on the trabecular meshwork either alone or combined with cataract surgery via an endoscope or gonio lens. When employed alone, a 22% IOP reduction was achieved in the ELT and a 26.7% reduction when combined with phacoemulsification. Failure rate was higher in the alone ELT group [64] . Töteberg-Harms et al. reported 1-year results of 28 eyes treated with ELT combined with cataract surgery and a 34.7% mean IOP reduction was achieved [65] .
Advantages of ELT included ab interno approach spares conjunctiva for future incisional surgeries and there is low incidence of complications. The disadvantages of ELT included the requirement of an operating room in sterile conditions, highly advanced equipment, an experienced surgeon and the procedure may not be repeatable [63] . Fig. (3) . Schematic eye showing that light redirected superiorly (A) by the tear prism could pass through a superior laser peripheral iridotomy (LPI) otherwise hidden by the upper lid and would strike the superior peripheral retina after a short path, thus remaining relatively focused, and light passing through a temporal (B) laser peripheral iridotomy (LPI) would continue in a straight line toward the temporal posterior pole following relatively longer path, creating a defocused image (from 47, with permission, photo by courtesy of Elsevier).
LASER CYCLOPHOTOCOAGULATION
Cyclophotocoagulation procedures have traditionally been reserved for glaucoma patients who are resistant to or not candidates for medical or surgical therapies, or are blind and suffer from eye pain due to end-stage diseases, especially neovascular glaucoma [66] . Recently with the improvement in technology, physicians have more experience with different types of cyclophotocoagulations (i.e. endoscopic cyclophotocoagulation), therefore, complication rates are lower than once believed and these procedures no longer may reserved only for patients not candidates for medical or surgical therapy or having end-stage glaucoma.
TRANSSCLERAL CYCLOPHOTOCOAGULATION (TSCPC)
TSCPC was introduced by Vucicevic et al. and is a method that aims to diminish IOP by the destruction of ciliary processes and thus reducing the production of aqueous humor. TSCPC employs the laser energy directly across conjunctiva and sclera with no visualization of the ciliary body [67] . This procedure can be applied using either a ND:YAG or diode laser and the effect on the tissue is mainly coagulative. Mild complications included reactive iritis, conjunctival edema and transient pain. Phthisis bulbi, permanent hypotony and anterior segment hemorrhages are serious complications reported in the literature [12] . Sympathetic ophthalmia is another rare and serious complication [68] with an incidence estimated at 0.07% after TSCPC [69] . The success rates reported are highly variable and mostly dependent on the level of energy used, however, higher energy levels increase the rate of complications. TSCPC results in a 35-45% IOP reduction and a 50% decreased need for pretreatment medications [70] . The effectiveness of the treatment correlates with age, previous surgical procedures and the type of glaucoma. Better results are achieved in open angle, inflammatory and neovascular subtypes of glaucoma, however, repeated treatments are often necessary [71] .
TSCPC is used mostly for glaucomas refractory to medical and surgical treatments and should be applied with great care for patients with useful vision and when access to other conservative treatments is limited. Fig. (4) . Schematic diagram illustrating how ALPI contracts the peripheral iris stroma, creating a space between the anterior iris surface and the trabecular meshwork, and thereby opening the angle (from 51, with permission, photo by courtesy of Elsevier).
MICROPULSE DIODE LASER TRANSSCLERAL CYCLOPHOTO-COAGULATION (MICROPULSE TSCPC)
A new TSCPC technology utilizing a micropulse diode laser which allows a more localized treatment with less collateral damage, is becoming popular. MicroPulse technology employs a continuous-wave laser beam followed by longer-duration "off" intervals that allows for thermal relaxation of the tissue, so thermal damage is reduced. Researchers performed MicroPulse TSCPC on 40 eyes of 38 consecutive patients with refractory glaucomas and a relative success of 80% was achieved at the end of follow-up time. None of the eyes had post-operative hypotony or visual loss [72] . In a recent study comparing the results of MicroPulse and continuous mode diode TSCPC, both were effective in lowering intraocular pressure. The micropulse mode provided a more consistent and predictable effect in lowering intraocular pressure with minimal ocular complications [73] .
ENDOSCOPIC CYCLOPHOTOCOAGULATION (ECP)
ECP employs diode laser energy to the ciliary processes via a small fiber optic endoscope. The endoscope is introduced into the eye either through pars plana or limbus, under direct visualization using a video monitor (Fig. 5) . ECP potentially decreases the risk of overtreatment and phthisis bulbi compared with the trans-scleral technique [74] . In a group of patients with prior failed treatment of tube shunts, mean IOP decreased from 24.0 mmHg to 15.4 mmHg, and glaucoma medication number decreased from 3.2 to 1.5 after 1 year [75] . ECP can be combined with cataract surgery in patients with less advanced glaucoma. A study combining ECP with phacoemulsification found a significant IOP decrease at all time points after 35 months. The mean IOP was reduced from 23.1 mmHg at baseline to 12.3 mmHg at final visit [76] . Complications of ECP included immediate IOP spikes, anterior chamber inflammation, cystoid macular edema, hypotony, phthisis, choroidal hemorrhages, retinal detachments and fibrin deposition in the anterior chamber [77] .
LASER ASSISTED DEEP SCLERECTOMY
A manual procedure of nonpenetrating deep sclerectomy is an alternative to penetrate trabeculectomies that offers low postoperative complications, however, this procedure is difficult to perform. With the aim of simplifying the manual deep sclerectomy procedure, various lasers have been suggested, including CO 2 , excimer and erbium:YAG lasers [78] . The operation starts with the manual creation of a superficial flap and then repeated laser applications. This causes progressive ablation of thin layers of deep scleral tissue until aqueous percolation is achieved.
Klink et al. reported a 83.3% complete success rate with erbium:YAG laser (IOP< or =21 mmHg+IOP reduction > or =20% without glaucoma medication) at 3 months and a 50% success rate at 12 and 50.5 months. The number of glaucoma medications were reduced from 3.07+/-0.92 preoperatively to 1.14+/-1.41 at 50.5 months postoperatively. CO 2 laser-assisted deep sclerectomy was found to be a feasible, safe and effective procedure [79, 80] . The preoperative IOP of 27.3±4.2 mmHg (mean±SD) dropped to 15.0±3.7 mmHg after 6 months and to 16.6±3.4 mmHg after 12 months. The complete success rate after 12 months was 45.5%, whereas qualified success was 90.9% [81] . An excimer laser is capable of dissecting the deep lamella without thermal damage, resulting in a more regular and smoother surface [78] . 
CONCLUSION
Recent studies suggest that laser trabeculoplasty, mainly SLT, may be employed as an initial therapy in patients with mild to moderate open angle glaucoma or ocular hypertension. Good candidates for this treatment strategy include patients with poor adherence of medical therapy, those suffering from ocular surface disease and where cost of medications may be an issue.
New laser technologies, such as MDLT, ELT, TLT and PLT are currently under investigation. Pilot studies comparing these laser modalities with SLT or ALT suggest potential advantages, such as improved safety profile and greater efficacy. To date, SLT remains the mainstay of laser trabeculoplasty procedures.
TCP is an effective treatment that carries potential risks. The introduction of ECP, done either alone or in combination with cataract surgery, allows a more controlled cyclophotocoagulation under direct visualization, and thus may carry fewer risks compared with TCP. The pursuit after a safe and effective laser procedure that would provide long-lasting IOP lowering effect is still ongoing.
